Abstract-Polyaniline/SnO 2 nanofiber based Surface Acoustic Wave (SAW) gas sensor has been investigated towards hydrogen (H 2 ) gas. Chemical oxidative polymerization of aniline was employed to synthesize polyaniline nanofibers with SnO 2 nanoparticles. The nanocomposite was deposited onto a layered ZnO/64º YX LiNbO 3 SAW transducer. The sensor was exposed to various concentrations of H 2 gas and operated at room temperature. The sensor response was found to be 7 kHz towards 1% of H 2 in synthetic air. A fast response and recovery with good repeatability in a stable baseline condition were observed at room temperature.
INTRODUCTION
With increasing demand for miniaturization, stability and energy saving, there is need to improve the performance of the conventional sensors, which are cost-effective, highly sensitive and selective, have fast response and recovery time and operate at room temperature. Devices based on metal oxide semiconductor and conducting polymer have been extensively used for detecting gas species by changing conductivity [1] [2] [3] . Usually metal oxide semiconductor based sensors operate at high temperature while conducting polymer at room temperature. The sensing mechanism is also different for both types of sensors. In metal oxide thin film sensor, the sensing mechanism involves chemisorptions of gas species on the oxide surface followed by charge transfer during reaction with target gas molecules [4] [5] . For conducting polymer, sensing mechanism is based on chemical effects such as oxidation/reduction and physical effects such as polymer swelling, alignment, crystallization, salvation or protonation [6] [7] . Recent advances in the development of nanostructured metal oxides and polymers in the forms of nanoparticles, nanowires, nanobelts, nanorods, [8] [9] [10] provide the opportunity to greatly increase the response of these materials, as sensor performance is directly related to granularity, porosity and ratio of surface area to volume in the sensing element. It is well known that the sensitivity of gas sensors increases with decreasing grain size [11] .
Tin oxide is an n-type semiconductor, which has been widely used to detect toxic and inflammable gases including CO, H 2 , CO 2 , H 2 S, C 2 H 5 OH, and LPG [12] [13] [14] [15] . However, lack of selectivity, long-term stability and high operating temperature are still concern of SnO 2 based sensors.
Among the family of conducting polymers, polyaniline is one of the most studied materials because of its simple synthesis, good environmental stability and simple acid doping/base dedoping process to control conductivity [16] . Polyaniline in the emeraldine oxidation state can be reversibly switched between electrically insulating emeraldine base and conducting emeraldine salt forms. Emeraldine base form when protonated with strong acid transforms to an intermediate bipolaron form which further undergoes a dissociation to form delocalized polaron lattice resulting in high conductivity [16] [17] . Nanostructured polyaniline, in the form of nanofibers greatly improve carrier diffusion due to their high surface to volume ratios and large penetration depth for gas molecules. Additionally, the sensitivity of polyaniline nanofiber based sensor is independent of layer thickness. This advantage results in the capability of fabricating sensors with repeatable responses having a large tolerance in thickness variation [9] [10] .
The incorporation of metal oxide nanoparticles into polyaniline nanofiber matrixes has the potential to increase sensitivity and selectivity at room temperature. The nanocomposite may retain the advantages of its constituents with increase surface functionalities for gas sensing. In addition, sensitivity, selectivity and long term stability of the sensors can be optimized by controlling the volume ratio of polyaniline nanofibers to metal oxide nanoparticles. In this paper, a polyaniline/SnO 2 nanocomposite sensitive layer was formed on the layered SAW transducer. Finally, the responses of the sensor to different H 2 gas concentrations were investigated.
II. EXPERIMENTAL
In this work, a layered SAW device is used as the transducing platform. The substrate is 64° YX LiNbO 3 surface acoustic wave is the dominant mode in this layered substrate. The sensor consisted of two-port resonators with 38 electrode pairs in the input and output Inter Digital Transducers (IDT), 160 electrodes in each reflective grating, 700 µm aperture width and a periodicity of 40 µm. The center-to-center distance between the IDTs was 1920 µm. The IDTs were formed by patterning an 80 nm layer of gold and a 20 nm titanium layer. The titanium layer is added to improve adhesion of the gold film. A schematic diagram of a SAW sensor is shown in Fig. 1 . A ZnO layer of 1.2 µm in thickness was deposited on the surface of the 64° YX LiNbO 3 substrates to form the layered structure. A radio frequency (RF) magnetron sputterer was used to deposit from a 99.99% pure ZnO target with rf power of 120 W. The sputtering gas was 40% O 2 in Ar with a pressure of 10 -2 torr, the substrate temperature was 260°C and the deposition time was for periods of 60 minutes.
To synthesize polyaniline/SnO 2 nanocomposite fibers, at first aniline monomer was added to 1.0 M camphor sulfonic acid (CSA) solution of SnO 2 nanoparticles. The concentration of aniline monomer to SnO 2 is 5 to 1 on the solution. Then ammonium persulfate was added to the above mixture and allowed to react for overnight. The product was washed with 1.0 M NaOH solution and further purified by four cycles of washing with distilled water centrifugation. The nanocomposite solution was drop cast onto the active area of a SAW transducer using a micropipette. They were then left to dry in a clean, dry environment for one day. The scanning electron microscope (SEM) and transmission electron microscope (TEM) images of the nanocomposite are shown in Figs. 2 and 3 , respectively. The images reveal that polyaniline/SnO 2 nanofibers on the substrate have average diameters of 80 nm. The X-ray diffraction (XRD) result is shown on Fig. 4 , in which the sharp line-peaks in the bottom are due to the pure SnO 2 from JCPDS database and the peaks on the above are due to the polyaniline/SnO 2 nanocomposite. The diffraction peaks from the nanocomposite sample are well matched to the sharp lines from the pure SnO 2 standard (shown below the polyaniline/SnO 2 diffraction pattern) which indicates the sample contains SnO 2 particles.
The sensor was mounted inside an enclosed environmental cell. The four mass flow controllers (MFCs) were connected to form a single output that supplied gas to the cell. A constant flow rate of 0.2 liters per minute was delivered via the MFCs. A computerized gas calibration system was used to vary the concentration of H 2 gas in synthetic air and to measure the operating frequency of the sensors. The sensor responses were displayed in real-time and saved for off-line processing and analysis. Gas exposure time was fixed for each pulse of H 2 gas and the cell was purged with synthetic air between each pulse to allow the surface of the sensor to recover to atmospheric conditions. The sensor was exposed to a hydrogen gas pulse sequence of 0.06%, 0.12%, 0.25%, 0.50%, 1%, and 0.12% concentrations in synthetic air at room temperature. A Fluke high-resolution counter (PM66860B) was used to measure the operational frequency.
III. RESULTS
Dynamic response to a sequence of different H 2 gas concentrations in synthetic air is shown in Fig. 5 . In a SAW device, the change in electrical conductivity of the sensing layer perturbs the velocity of the propagating acoustic wave due to the piezoelectric effect. The center frequency of a SAW device is given by the equation, v = ƒp, where v is the surface wave velocity, f is the center frequency and p is the interdigitated transducer period. The introduction of H 2 gas to the sensor surface causes reduction of the device's resonant frequency. With hydrogen exposure, the conductivity of the polyaniline/SnO 2 nanofiber composite layer increases resulting in a decrease in the acoustic wave velocity, thereby decreasing the resonant frequency. This change in frequency is related to the concentration of H 2 present in the environment.
The sensor response is defined as the variation in operating frequency of oscillation due to the interaction with target gas. Measured sensor response was approximately 7 kHz towards 1% of H 2 in synthetic air. The 90% response time of 30 s and recovery time of 120 s with good repeatability were observed at room temperature. The response magnitude variation for the sensor to different H 2 concentrations at room temperature is shown in Fig. 6 . The frequency shift increases non-linearly with the increase of H 2 concentrations and saturating for large concentrations.
The mechanism of hydrogen interactions with SnO 2 is well known. Hydrogen is a reducing agent for the n-type SnO 2 nanoparticles, increasing its conductivity on interaction. During the interaction process, the analyte dissociates onto the surface of the SnO 2 by injecting electrons. These free electrons reduce the surface depletion region, thereby increase the surface conductivity. However, the mechanism for polyaniline and H 2 interactions is still unclear. Our previous experimental results [18] show that conductivity of polyaniline increases on exposure to H 2 . The hydrogen may form a bridge between nitrogen atoms on two adjacent chains or there may be partial protonation of some of the imine nitrogens [19] . It has also been suggested that the resistance change is caused by the formation of water [20] . The mechanism for the conductivity change in the polyaniline/SnO 2 nanofiber composite layer due to the interaction with the H 2 is not yet understood. However, we propose two possible mechanisms for H 2 sensing. The first one is activation of the hydrogen by SnO 2 due to formation of tin-dihydrogen complexes. The second one is an interaction with the polyaniline backbone possibly facilitated by SnO 2 which may induce dissociation of the hydrogen leading to either a doping type response or chain alignment.
Reproducibility was observed as indicated when a second pulse of 0.12% of H 2 was introduced into the sensor chamber. It was found that the polyaniline/SnO 2 nanofiber composite based sensor produce repeatable responses of the same magnitude with good baseline stability. Repeatability was confirmed by testing the sensor continuously over a 5 day period. 
IV. CONCLUSION
We have fabricated SAW gas sensor based on polyaniline/SnO 2 nanofiber composite synthesized by chemical oxidative polymerization. The sensor has been investigated towards H 2 gas. The sensor showed a repeatable and large response towards H 2 gas. A fast response and recovery time with stable base-line frequency was observed at room temperature. Due to room temperature operation, the gas sensor is promising for environmental and industrial applications.
